INTRODUCTION
It is expected that distributed renewable energy sources will be more and more used in the future electric grid. Power converters will play an important role in interfacing the renewable energy sources and the electric grid and load [1] . The power management and grid integration of multiple energy sources are commonly realized by using multiple individual converters. Compared to that solution, using an integrated multiport converter is preferable since it has less components and a higher power density [2] - [5] . Besides, it requires no communication capabilities that would be necessary for multiple individual converters.
Depending on their voltage levels, the renewable energy sources are usually connected to an electric grid or a load through a one-stage or a two-stage power converter system. For the applications where the voltage of the renewable energy source is low, an isolated multiport DC-DC converter is preferred to be used in a two-stage power converter system, as shown in Fig. 1 . The isolated multiport DC-DC converter has multiple input ports for connecting different sources and multiple functions. It not only regulates the low-level DC voltages of the sources to a constant high level required by the inverter, but also can provide other important control functions, such as maximum power point tracking (MPPT), for the renewable energy sources.
Due to the intermittence of the renewable energy sources, an energy storage device, such as a battery, is commonly used with the renewable energy sources. In such a hybrid energy system, a multiport converter with at least one bidirectional port, namely, a multiport bidirectional converter is required to interface the storage device. A variety of multiport bidirectional DC-DC converters has been proposed for twostage grid integration of renewable energy sources [6] - [10] . These topologies either use too many active switches or have a negative effect on the battery lifetime due to the highfrequency charge/discharge for the battery. For example, in [10] , the battery was both charged and discharged within a switching period. Such a high-frequency charge/discharge has a negative effect on the battery lifetime.
Recently, a new multiport bidirectional DC-DC converter with the least number of switches has been proposed [11] . In that converter, the battery was charged and discharged at a low frequency and the main switch could be turned off under the zero-current switching (ZCS) condition using a resonant circuit. However, the two switches in the bidirectional port are still hard switched. In this paper, an isolated three-port DC-DC converter (TPC) is proposed. Compared with the TPC in [11] , the proposed TPC has the same number of the switch and all the switches can be turned on under the zero-voltage switching (ZVS) condition. Since a multiport converter is a multi-input multi-output (MIMO) system, a decoupling technique is desired to control different state variables of the system independently [6] . This paper presents a small signal model for the proposed TPC. Based on the model, two controllers are designed to regulate the power flows of the two sources and the output voltage of the TPC. Experimental results are provided to validate the proposed controllers when the TPC works in different conditions. 
B. Operating Principle
In Stage I, S 1 and S 3 are turned on and S 2 is off; a positive voltage is applied to the primary side of the transformer, i.e., v p = v 1 ; the renewable energy is directly delivered to the load side. This stage will not terminate until the switch S 3 is turned off. The differential equations in this stage can be expressed as follows
where i pv represents the current of the PV panel and R L represents the load resistance.
In stage II, S 3 is turned off and S 1 is turned on; the voltage across the primary side of the transformer is a negative v x , i.e.,
In Stage III, S 1 is turned off and S 2 is turned on; the voltage across the primary side of the transformer is the same as that in Stage II. According to the voltage second balance on the primary side of the transformer, v x can be solved as follows
Then the average state-space model can be derived from (1)-
( )
The equilibrium points can be calculated by setting all of the time-derivative terms in (5) to be zero, then
Equations (6) and (7) 
where I sc and I s represent the short-circuit current and the reverse bias saturation current of the PV panel, respectively; V T is the thermal voltage. Taking the first derivative of (8) respectively, and −r pv represents the equivalent resistance of the PV panel around a certain operating point specified by V 1 . Then a small-signal model of the TPC which takes the form x = Ax + Bu is derived by using the state-space average method, where
T is the vector of the outputs of the two voltage controllers, 
C. Design of the Voltage Controllers
Fig . 5 shows the signal flows of the plant depicted by (10) as well as the two controllers G v1 (s) and G vo (s). The plant is a multivariable system with the coupling terms g 12 (s) and g 21 (s), which require the two controllers, G v1 (s) and G vo (s), to be properly designed and decoupled to control the input voltage v 1 and the output voltage v o , respectively.
In this paper, the IVC loop is designed to have a bandwidth one decade lower than that of the OVC. In other words, d 1 can be assumed to be constant when designing G vo (s). Then the OVC is designed with the approximation that v o (s)/d 3 (s) = g 22 (s). Once G vo (s) is designed, the decoupled model for v 1 (s)/d 1 (s) can be derived as follows:
Then G v1 (s) can be designed based on (11) . The bode plots of v o (s)/d 3 (s) and v 1 (s)/d 1 (s) before and after G vo (s) and G v1 (s)compensations are plotted in Fig. 6 and Fig. 7 , respectively. G vo (s) and G v1 (s) are designed by choosing the cutoff frequencies of the OVC and IVC loops at 2 kHz and 100 Hz, respectively and suppressing the magnitudes of the closed-loop system transfer function at their corresponding resonant frequencies to be less than −20 dB. Then G v1 (s) and G vo (s) can be derived as follows from the bode plots: Table I . increases from zero to its reference value of 180 V. In the steady state, the power generated from the PV panel (p 1 ) is 60 W, which is higher than the load power 46.3 W. The surplus power is partly absorbed by the battery since its current is a negative value, i.e., i bat = −0.3A. 
